LA-UR-22-22586

Approved for public release; distribution is unlimited.

Title: Surface Roughness Calculations of Additively Manufactured Cylinders
via X-Ray Computed Tomography

Author(s): Hunter, Bryan Keeney
Intended for: Report
Issued: 2022-03-18

1% Los Alamos



1% Los Alamos NYSE

NATIONAL LABORATORY National Nuclear Security Administration

Los Alamos National Laboratory, an affirmative action/equal opportunity employer, is operated by Triad National Security, LLC for the National Nuclear Security
Administration of U.S. Department of Energy under contract 89233218CNA000001. By approving this article, the publisher recognizes that the U.S. Government
retains nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for U.S. Government
purposes. Los Alamos National Laboratory requests that the publisher identify this article as work performed under the auspices of the U.S. Department of
Energy. Los Alamos National Laboratory strongly supports academic freedom and a researcher's right to publish; as an institution, however, the Laboratory does
not endorse the viewpoint of a publication or guarantee its technical correctness.



Surface Roughness Calculations of Additively Manufactured Cylin-
ders via X-Ray Computed Tomography

Bryan K. Hunter"*

Engineered Materials Group, Materials Science and Technology Division, Los Alamos National Laboratory, Los Ala-
mos, NM 87545, USA.

KEYWORDS: X-ray computed tomography, additive manufacturing, powder bed fusion, and surface roughness

ABSTRACT: X-ray Computed Tomography (X-ray CT) is an analytical technique used in materials science to non-destruc-
tively characterize features in variety of materials like polymers, metals, composites, and explosives. It also has the capa-
bility of imaging additively manufactured, machined and assembled parts and processes. The non-destructive imaging al-
lows for the analysis of features (voids and cracks), which give a fundamental understanding of material characteristics.
Additionally, X-ray CT can obtain accurate measurements of dimensional and topographic variations as a result of different
stimuli, and assess accuracy of material production. This study will focus on parts manufactured via metal additive manu-
facturing (AM). Although, AM produces parts faster and easier, the printing process can produce defects (pores and surface
roughness) that undermine the part’s mechanical properties. The analysis of 3D printed objects has a strength in analysis
in that the material has an STL file from which the item was printed, which is not available in many manufactured materials
(i.e. foams) due to stochastic structures. For this study, the print accuracy of several 3D printed cylinders will be assessed
via X-ray CT to determine optimal printing parameters for parts with less defects and stronger mechanical properties. This
will be accomplished by having the original STL file serve as the baseline surface to compute difference in the CT rendering

to calculate surface roughness for each cylinders.

Introduction

X-ray computed tomography (X-ray CT) is ana-
lytical technique used in material science for the non-de-
structive characterization of an array of different materi-
als like polymers, metals, composites and explosives. X-
ray CT has the capability of imaging defects such as
cracks, voids, pores and other defects to understand and
answer questions about material characteristics 3. In ad-
dition to detecting defects, X-ray CT can be used to ob-
tain accurate measurements on dimensional and topo-
graphic variations due to different stimuli, and to assess
the accuracy and quality of material production.

X-ray CT is also popular for the imaging of ma-
chined, assembled and additively manufactured parts.
This study focuses on additively manufactured parts as
the method has grown in popularity. This is due to addi-
tive manufacturing (AM) being a more versatile method
that can produce lighter, stronger parts faster. AM is an
umbrella term referring to a multitude of different AM
technologies such as material extrusion, vat photopoly-
merization, and metal laser powder bed fusion (L-PBF)*.
The L-PBF processes is the most popular and extensively
researched techniques for metal printing due to its low
cost, recyclability of powder, materials available to print
with, and lack of a need for a minimum support during
the printing process 5-8. However, it does have some is-
sues as defects (e.g., surface roughness) can arise during
printing. The development of these defects depend on
several factors like the build direction, the powder being

used or the number of parts present on the build plate 2.

These defects impact the mechanical properties of the

part, and make it more likely to fail." Therefore, it is im-
portant to determine the optimal build parameters to
minimize these defects and strengthen the parts mechan-
ical properties. X-ray CT is commonly used to analyze
these defects post-printing as a ground truth understand-
ing of material characteristics. Additionally, X-ray CT can
be used to assess the accuracy and quality for both the ex-
terior and interior surfaces of a print, which is important
in assessing the successfulness of an AM technique.

The current literature on assessing defects in AM
parts tends to focus on defects like porosity or cracks to
assess print accuracy '>3. This study, however, is inter-
ested in looking at the surface roughness because it can
gives a more accurate analysis of print accuracy. Surface
roughness in the current literature is often mentioned
briefly and only as supplementary information as the fo-
cus is often on analyzing other defect or stating the gen-
eral capabilities of X-ray CT 7. That being said, surface
roughness has been previously used as a method for de-
termining print accuracy. In these studies, X-ray CT is
used to obtain a 2D slice of the surface and the surface
roughness is calculated via the derivations from the base-
line surface ®*2°. This method is similar to what has tradi-
tionally been used in profilometric techniques. While this
method does give information about the surface rough-
ness, it only gives information for a small area on the sur-
face. All areas of the surface are important to consider
when assessing the print accuracy for an additively manu-
factured part. More surface inclusive techniques are being
explored that overlay the reconstructed CT rendering
onto the original STL design®3. In this case, the STL



serves as the baseline surface from which the differences
in the CT rendering are quantified to calculate surface
roughness. This technique can give a more accurate value
for surface distance and better assess the print quality as
both the inner and outer surfaces are considered in the
calculations.

This study aims to use X-ray CT to determine the
print accuracy of several additively manufactured metal
cylinders by using the original STL file as a baseline sur-
face from which differences in the X-ray CT data can be
measured. By determining surface roughness in this man-
ner, the print accuracy can be understood and quantified.
By comparing the print accuracy for several cylinders
printed with variable scanning speeds, laser power, and
focus diameter, the optimal printing parameters can be
determined to produce additively manufactured parts
with less defects and stronger mechanical properties.

Experimental Methods
Column Design

The cylinders were designed using Solidworks
(Dassault Systémes SE, LLC) CAD software and were de-
signed with a grooved pattern on the edges to assess
printing accuracy for more complex geometries (Figure 1)

A)

Figure 1. Example CAD cylinder design: A) side view of
grooves and B) Top view of groove pattern.

Column 3D Printing

The columns were printed on an EOS (Krailling,
Germany) Mgo 3D-printer using 319L stainless steel as the
base powder. The instrument utilizes a 400 W ytterbium-
fiber laser with F-theta lens and high speed scanner. It
has scanning speed up to 7.0 m/s (23 ft/s) and a focus di-
ameter of 100 pm. Each cylinder was printed at different
scanning speeds, laser power, and focus diameter to de-
termine the optimal printing parameters. Cylinder 1 was
printed with a laser power of 200 W and a focus diameter
of 78 pm. Cylinder 4 was printed with a laser power of 220
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W and a focus diameter of 60 um. Cylinder 7 was printed
with a laser power of 220 W and a laser diameter of 78
pm.

Tomographic Imaging

The X-ray CT images were collected using a Carl
Zeiss X-ray Microscopy Inc. (Dublin, CA) Xradia Versa
520 microXCT. The instrument has a tungsten transmis-
sion anode X-ray source in a cone-beam geometry. Sam-
ple imaging conditions included an applied voltage of 110
kVp, an applied current of 91 pA, 10 W power, a camera
binning of 1, HE 18 source filter, flat panel detector, and 14
s exposure time per radiograph. Each sample was rotated
360° per tomogram to collect 4501 radiographs with a
pixel size of 4.8251 um. Each scan took about 18 hours to
complete. After scan completion, reconstruction was per-
formed in Xradia XMReconstructor software.

Image Processing

All cylinders were rendered in 3D using Avizo
2021.2 software (Thermo Fischer Scientific, Waltham,
MA). The X-ray CT images were cropped and edited with
“fill holes” and “remove small spots” functions. The STL
file was also cropped and transformed to the same dimen-
sions as the X-ray CT 3D rendering. The STL file and CT
rendering were aligned in Avizo, so that the two surface
were overlaid as closely as possible. This alignment is im-
portant for accurately calculating the surface distances.
Additionally, the end surfaces were removed to improve
the measurements by removing artificial surfaces. These
artificial surfaces can skew the measurements, so they do
not accurately model surface roughness

After the STL file and X-ray CT renderings were
aligned and the end surfaces were removed, the distance
between the two surfaces were calculated. The deviations
from the baseline surfaces were visualized using the phys-
icsNDT color map.

Surface Roughness Calculations

The surface roughness was calculated using sev-
eral different definitions for surface roughness. R, signi-
fies the roughness average of the entire surface, and it is
represented by the equation below:
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1
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This equation represents the arithmetic mean of the abso-
lute values for the surface departures from the mean
plane. Ry signifies the root mean square (RMS) roughness,
and is represented by the equation:
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The R;, value signifies the maximum profile peak height,
which is the distance between the highest point on the
surface and the zero surface. Similarly, R, signifies the
maximum profile valley depth, which represents the dis-
tance between the lowest point on the surface and the
zero surface. R;signifies the maximum height of the sur-
face, which is the vertical distance between the highest
and lowest points on the surface. It is represented by the
equation:

R,=R,+R,

Results and Discussion
A)

micrometers

Figure 2. CT rendering examples: A) CT surface rendering
of cylinder 4 and B) CT rendering of cylinder 4 with Phys-
icsNDT colormap applied to show surface roughness.

Green represents the baseline surface, red represents pos-
itive deviations from the baseline, and blue represents
negative deviations from the baseline surface.

A set of three cylinders were analyzed via X-ray
CT, and this data was overlaid onto the original STL files
for each cylinder (Figure 2A). The STL file served as the
base surface, and any difference from that surface in the
CT rendering represented the surface roughness for each
cylinder. As shown in Figure 2B, all cylinders show some
variations in distance from the zero surface with the
grooved regions showing dimensional variations. This
shows the limitations of 3D printing when it comes to
sharp features like the grooves in these cylinders. The di-
mensional accuracy as a result of the printing process was
low and the printed samples did not produce an accurate
groove. Additionally, the larger curved regions of each
cylinder show far less surface roughness on the outer sur-
face then is observed in the smaller curved regions. These
areas are where the highest amount of surface roughness
is concentrated in each of the cylinders. This shows that
in addition to sharp features metal 3D printing has diffi-
culties with producing small finer features. Both of these
limitations are important considerations for the dimen-
sional accuracy and part performance as the surface
roughness can affect the mechanical properties of the
part*. These limitations also restrict the minimum fea-
ture size available to print as features smaller or equal to
the surface roughness will not be achievable with a high
level of accuracy.

R, Rq R, R, R
(mm) (mm) | (mm) | (mm) | (mm)
Cylin- 0.0337 | 0.0733 1.14 -0.769 | 0.370
der1 +0.06 +0.1

Cylin- 0.0379 | 0.0541 | 0.873 | -0.370 | 0.503
der 4 +0.05 +0.1

Cylin- 0.0444 | 0.0765 | 0.943 | -0.213 0.730
der 7 +0.06 +0.1

Table 1. Surface roughness values for cylinders 1, 4 and 7

Cylinder 1 seems to have the lowest R, value,
which is usually the most reliable for determining surface
roughness variations However, the standard deviations
for all three cylinder’s R, value are all larger than the cal-
culated value. This suggests that there is a wide numerical
spread from the reported mean values in Table 1. There-
fore, it was concluded that all three cylinders had statisti-
cally the same values for both the R, and R, meaning that
they all had the same levels of surface roughness. This
conclusion from these calculations is supported by the
high surface roughness visualized in the CT renderings




like in Figure 2. All three cylinders showed similar
amount of surface roughness in roughly all the same re-
gions (grooves and fine features). This prevented any con-
clusions from being made about the effectiveness to de-
crease the surface roughness between cylinder’s printing
parameters. This is also an important result as cylinder 1
used the standard printing parameters also used for more
complex parts. According to these results, there is no neg-
ligible difference when those difference are changed.
Therefore, it will be important in future studies to opti-
mize printing parameters further to minimize surface
roughness, so that a noticeable decrease can be observed
via the proposed method.

Conclusion

X-ray CT is a versatile method used in materials
science for the analysis of a variety of different materials
and manufacturing processes. It is often used to identify
defect or dimensional and topographic changes in metal
AM parts to assess print accuracy and material character-
istics. This study focused on surface roughness, which is
not as widely studied as other defects like porosity or
cracks. However, it arguably gives the clearest under-
standing of print accuracy and material characteristics.
Three cylinders all printed with different printing param-
eters were analyzed in order to determine the optimal pa-
rameters to produce materials with the least surface
roughness. The surface roughness was quantified using a
method of overlaying the original STL file and the CT ren-
dering. The STL serves as the baseline surface and the de-
viations from that surface in the CT rendering are used to
calculate surface roughness. It was concluded that all
three cylinders had statistically the same surface rough-
ness values, and as a result comparable levels of surface
roughness. This conclusion prevented any conclusions
from being made about each cylinder’s printing parame-
ters being deemed the most optimal for decreasing sur-
face roughness. Additionally, this suggests that the print-
ing parameters can be further investigated to minimize
defects and to improve print accuracy. Future work hopes
to expand upon this work and further optimize the print-
ing parameters by analyzing more cylinders to achieve
parts with fewer dimensional variations and lower surface
roughness.
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